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GRAPHICAL ABSTRACT 
Cartoon illustrating NaCl permeation through water nanodroplets and Cl- exchange at the membrane/sample 
interface, both of which create an environment to enable the formation of FeCln
3-n complexes, leading to a 
non-reversibility in the redox chemistry of the membrane. 
 
 
RESEARCH HIGHLIGHTS 
 electrochemistry of ferrocene derivatives in polymeric membranes 
 role of chloride on the irreversible oxidation of ferrocene in thin film membranes 
 synchrotron radiation study of chloride on the ferrocene reactivity in membranes 
 elimination of chloride induced irreversibility of the ferrocene reaction chemistry 
 
ABSTRACT 
Cyclic voltammetry (CV) in chloride-based aqueous electrolytes of ferrocene molecule doped thin 
membranes (~200 nm in thickness) on glassy carbon (GC) substrate electrodes, both plasticized poly(vinyl 
chloride) (PVC) and unplasticized poly(methyl methacrylate)/poly(decyl methacrylate) (PMMA-PDMA) 
membranes, has shown that the electrochemical oxidation behavior is irreversible due most likely to 
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degradation of ferrocene at the buried interface (GC|membrane).  Furthermore, CV of the ferrocene molecules 
at GC electrodes in organic solvents employing chloride-based and chloride-free organic electrolytes has 
demonstrated that the chloride anion is inextricably linked to this irreversible ferrocene oxidation 
electrochemistry.  Accordingly, we have explored the electrochemical oxidation mechanism of ferrocene-
based redox molecules in thin film plasticized and unplasticized polymeric membrane electrodes by coupling 
synchrotron radiation-X-ray photoelectron spectroscopy (SR-XPS) and near edge X-ray absorption fine 
structure (NEXAFS) with argon ion sputtering to depth profile the electrochemically oxidized thin membrane 
systems.  With the PVC depth profiling studies, it was not possible to precisely study the influence of chloride 
on the ferrocene reactivity due to the high atomic ratio of chloride in the PVC membrane; however, the depth 
profiling results obtained with a chlorine-free polymer (PMMA-PDMA) provided irrefutable evidence for the 
formation of a chloride-based iron product at the GC|PMMA-PDMA interface.  Finally, we have identified 
conditions that prevent the irreversible conversion of ferrocene by utilizing a high loading of redox active 
reagent and/or an ionic liquid (IL) membrane plasticizer with high ionicity that suppresses the mass transfer 
of chloride. 
Keywords: thin film; polymer membrane; ferrocene electrochemistry; synchrotron radiation X-ray 
photoelectron spectroscopy; near edge X-ray absorption fine structure 
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1. INTRODUCTION 
There is significant interest in the application of redox-modified macromolecules in a wide range of 
applications such as chemical sensors [1], molecular delivery systems [2], ion conductors in ion sensing and 
proton exchange fuel cell membranes [3], redox reactive polymers in solid-state voltammetric devices [4], 
etc.  Accordingly, an ability to tailor and control electrode surfaces in these and other applications using redox 
active polymer devices and electrodes is of paramount importance.  In this context, the successful translation 
of polymer-modified electrodes to real-world applications requires a deep mechanistic understanding of the 
electrical properties of the bulk and interfacial properties of electrodes employing redox reactive polymers. 
De Marco and co-workers [5,6] have undertaken detailed cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) together with synchrotron radiation-X-ray photoelectron spectroscopy (SR-
XPS) and near edge X-ray absorption fine structure (NEXAFS) studies of the diffusion-controlled and surface 
confined electrochemical reactivity of redox active molecules in macroscale membranes (~200 m in 
thickness) incorporating redox molecules such as ferrocene (Fc) tagged poly(vinyl chloride) [PVC] (referred 
to as Fc-PVC), ethynyl Fc and its derivative based on a dodecyl side chain (referred to as lipophilic Fc, Lip 
Fc).  In these studies [5,6], it was found that the redox active molecules were oxidized and accumulated at the 
buried interface of the electrode substrate as a Fc+-anion association complex, although the exact nature of 
this reaction products at the buried interface was not elucidated. 
In the previous study, bis(2-ethylhexyl) sebacate (DOS) and ionic liquid (IL) plasticized PVC membranes 
doped with ethynyl Fc, Lip Fc and Fc-PVC were electrochemically oxidized in NaCl aqueous electrolytes [6], 
and it was shown that repetitive CV cycling exhausted 200 nm thick membranes of Fc-based dopants through 
an accumulation of Fc-anion complex at the membrane/GC electrode buried interface, while repetitive CV 
cycling of 200 m thick layers yielded apparently reversible electrochemistry since the extensive reservoir of 
ferrocene-based dopant and diffusion-limited electrochemistry of ferrocene on the macroscale could not be 
depleted via electrochemical accumulation of the ferrocene oxidation product at the GC|membrane buried 
interface over the timeframe of these experiments.  Furthermore, in the previous study [6], SR-XPS and 
NEXAFS could not detect unequivocally the oxidation product at the buried interface due to high elemental 
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concentrations of potential anion-type elements (e.g., Cl) associated with membrane components such as IL 
plasticizer and the PVC polymer matrix. 
In the application of redox molecules in electrochemical devices, an ability to control a surface confined 
reactivity through the use of nanoscale films (tens to hundreds of nanometres in thickness) is highly desirable 
since it will yield rapid response time devices through an avoidance of the sluggish diffusion-controlled 
reaction kinetics of thick film systems, and it can provide sharp and distinctive voltammetric signals with 
these thin film systems.  In this context, Crespo and coworkers [7] developed a thin film poly(3-octyl-
thiophene) (POT) redox polymer/PVC membrane incorporating lipophilic ionophores, so as to enable the 
rapid and selective detection of multi-ion analytes in real samples.  
Hence, the present study is motivated by a need to elucidate the reaction mechanism of the electrochemical 
oxidation of Fc-based redox molecules in polymer membranes together with a desire to apply this reactivity 
in thin film membranes where the electrochemical reaction dynamics are optimized.  In this context, we have 
undertaken repetitive CV cycling studies of Fc-based redox molecules (i.e., ethynyl Fc and Lip Fc) in organic 
electrolytes comprising different anions, so as to explore the influence of anionic species on the reversibility 
of the Fc electrochemistry.  Furthermore, careful SR-XPS and NEXAFS depth profiling of nanoscale 
membranes (i.e., 200 nm in thickness) subjected to repetitive CV cycling with DOS plasticized PVC and 
unplasticized poly(methyl methacrylate)-poly(decyl methacrylate) (PMMA-PDMA) membranes were 
performed to elucidate the reaction mechanism of the ferrocene electrochemistry in nanoscale membranes, as 
opposed to the previous study with 200 m thick macroscale and plasticized PVC membranes [6], which was 
unable to elucidate the exact nature of the ferrocene reaction products formed at the GC|membrane buried 
interface. 
2. EXPERIMENTAL 
2.1 Reagents, Materials and Instrumentation 
Tetrahydrofuran (THF), dichloromethane (DCM), acetonitrile (ACN), bis(2-ethylhexyl) sebacate (DOS), 
tetradodecylammonium tetrakis(4-chlorophenyl) borate (ETH500), tetrabutylammonium 
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hexafluorophosphate (Bu4NPF6), tetrabutylammonium perchlorate (Bu4NClO4), tetrabutylammonium 
chloride (Bu4NCl), tetrabutylammonium fluoride (Bu4NF), poly(vinyl-chloride) (PVC, high molecular 
weight), sodium chloride and sodium perchlorate (analytical grade) were sourced as Selectophore® Fluka and 
general reagents through Sigma-Aldrich.  Glassy carbon (GC) coupons (Sigradur G, 10×10×1 mm) were 
purchased from HTW (Germany).  All other reagents including ethynyl Fc were obtained from Sigma-Aldrich 
(Castle Hill, New South Wales, Australia).  Lipophilic Fc (Lip Fc) was synthesized from ethynyl- Fc and 
dodecyl azide using a “click chemistry” approach (the synthetic route and spectroscopic data are not presented 
here, but is available in the supplementary materials at Figs. S1 and S2) [6].  The monomers, 
methylmethacrylate, 99.5%, (MMA) and n-decylmethacrylate (DMA), 99%, were obtained from 
Polysciences, Inc. (Gymea, New South Wales, Australia).  The polymerization initiator 2,2’-
azobis(isobutyronitrile) (AIBN), 98%, was obtained from Aldrich.  Ethyl acetate and 1,4-dioxane were used 
in the synthesis of the PMMA-PDMA copolymer using a previously published method [8] and were of reagent 
grade as obtained from Chem. Supply. 
A rotating disk electrode (Autolab RDE, Metrohm Autolab B.V., Utrecht, The Netherlands) was used to spin 
coat a volume of 25 µL of the corresponding membrane cocktail onto the GC electrode at 1500 rpm for 2 min.  
To prepare the thin membrane films utilized at the Elettra synchrotron light source, a volume of 40 L of the 
corresponding membrane cocktail was spin coated onto the GC coupons using a KW-4A (Chemat Technology 
Inc., UK) spin coater rotated at 1500 rpm for 2 minutes.  Thicker membranes were also prepared for 
voltammetric studies (see below) by increasing the deposited volume up to 50 µL (~350 nm thick membrane) 
and 100 µL (~500 nm thick membrane).  Membrane thicknesses were estimated using ellipsometry as 
described in previous papers by using an ellipsometer (Multiskop, Optrel) with a 632.8 nm laser [9]. 
The compositions of the membranes used in this work are summarized in Table 1.  The amount of ETH500 
was maintained at a constant level of 10 wt.% in all of the membranes (~ 90 mmol kg-1 of membrane), so as 
to ensure a consistency and comparability with the previously reported results of Sohail et al. [6], while a 
decrease or increase of the molar concentration by 10-fold did not influence the observed CVs,  the Fc content 
in the membrane directly affected the peak current observed in the first scan (the higher amount the higher 
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the peak current is) although the electrochemical signal is progressively lost with successive scans. Note that, 
the wt.% of Lip Fc in M2 is double that of ethynyl Fc in M1 (membranes used for voltammetric) in order to 
compare similar molar concentrations of Fc (~710 mmol kg-1 of membrane). 
Electrochemical measurements were performed using a PGSTAT 302N potentiostat (Metrohm Autolab B.V., 
Utrecht, The Netherlands) controlled by Nova 1.10 software running on a computer.  SR-XPS and NEXAFS 
spectra were recorded on the Materials Science Beamline (MSB) at the Elettra synchrotron light source in 
Trieste (Italy), while laboratory XPS was undertaken at the Centre for Microscopy and Microanalysis at the 
University of Queensland.  Detailed descriptions of associated methods can be found in the supplementary 
materials. 
3. RESULTS AND DISCUSSION 
Figures 1a and 1b show the chemical structures of the Fc-based redox molecules utilized in the present work 
labeled as ethynyl ferrocene (ethynyl Fc) and (1-dodecyl-1H-1,2,3-triazol-4-yl)ferrocene (Lip Fc).  The 
electrochemical features of both compounds were examined by successive CV scans in two media: (i) freely 
dissolved in organic solvents such as acetonitrile (ACN) using a variety of tetrabutylammonium salts with 
different anions which act as dopants during the electrochemical oxidation (Fig. 1c); and (ii) freely dissolved 
in thin layer polymeric membranes (~200 nm) based on either plasticized PVC or unplasticized PMMA-
PDMA (Fig. 1d).  Additionally, we have investigated the electrochemical reaction mechanism in the 
membrane phase by undertaking careful SR-XPS and NEXAFS depth profiling of control (unoxidized) and 
oxidized membranes (Fig. 1e). 
3.1 CV Studies in Organic Solvent  
Figure 2 presents CV data after repetitive scans of 0.1 mM ethynyl Fc in ACN for (a) 0.05 M Bu4N
+PF6
-, (b) 
0.05 M Bu4N
+ClO4
-, (c) 0.005 M (dodecyl4N
+TCPB-, or so-called ETH500) and (d) 0.05 M Bu4N
+Cl-.  
Reversible electrochemistry was observed with ethynyl Fc in the presence of the PF6
-, ClO4
- and TCPB- 
anions, but not in the presence of the Cl- based salt.  As a consequence, the formation of ethynyl ferricenium 
or ethynyl Fc+ must be intrinsically linked to the nature of the anion in solution.  For instance, in the case of 
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PF6
- (Fig. 2a), the oxidation process occurred at 0.64 V and the reduction was about 0.57 V indicating a one 
electron transfer reaction (Epa-Epc ~0.07 V).  Similar peak heights (2-3 µA) and redox potentials (E1/2~0.06 V 
in repetitive voltammetry cycles, n=25) demonstrated an electrochemical reversibility.  The same analysis 
can be extended to ClO4
- and TCPB- (see Figs. 2b and 2c).  
By contrast to these large anions, the electrochemistry was found to be irreversible in the presence of Cl- (Fig. 
2d) or F- (data not presented here, but available in the supplementary materials at Fig. S3).  Presumably, this 
irreversibility is due either to the formation of a ferricenium chloride ion pair with these small anions 
possessing a poor ion pairing ability [10, 11] so this explanation is unlikely especially considering that a 
mixing of different concentrations of ferricenium tetrafluoroborate and tetrabutylammonium chloride did not 
produce an observable precipitate or colour change, or the chloride-induced nucleophilic attack of oxidized 
Fc groups leading to conversion of 3Fc+ to FeCl4
- and 2Fc as noted elsewhere by UV-visible spectroscopy of 
oxidized ferrocene [12, 13].  Whatever the reason, it is clear that Cl- induces a loss of Fc reactivity at electrode 
surfaces subjected to repetitive CV cycling, which is electrochemically non-labile and/or non-reducible to 
ethynyl Fc during the reverse cathodic scan (Fig. 2d).  With more than 6000 scans (~24 h), we found a 
diminution in the size of the oxidation peak at 0.78 V to approximately 60% of its initial value (from 3.96 to 
2.60 µA; data not presented here, but available in the supplementary materials at Fig. S4) caused presumably 
by the aforesaid electrochemical oxidation degradation Fc+ to FeCl4
- at the GC electrode, thereby reducing 
partially the reactive surface of the electrode.  In the case of TCPB- anion (Fig. 2c), the current peak is 
diminished (~2.5 µA) and broadened compared to Bu4N
+PF6
- and Bu4N
+ClO4
- due presumably to the 
influence of a 10-fold reduction in the concentration of the background electrolyte (5 mM instead of 50 mM) 
on the electrochemical kinetics, noting that this was done to minimize wastage of the cost prohibitive ETH500 
reagent. Nonetheless, this experiment was undertaken to confirm the reversibility of ferrocene redox 
molecules in a ETH500 background electrolyte. 
By varying the scan rate under the same experimental conditions of Fig. 2, we confirmed that a diffusion-
limited electrochemistry of freely dissolved ethynyl Fc in ACN (data not presented here, but available in the 
supplementary materials at Fig. S5 for i vs. scan rate1/2) is plausible for Bu4NPF6, Bu4NClO4 and ETH500 
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since ip approaches zero as the scan rate approaches zero, while the non-divergence of ip with the origin in 
Bu4NCl is symptomatic of the kinetic influence of Cl
- on the irreversibility of the reaction chemistry. The 
experimental diffusion coefficient of ethynyl Fc (in average ~ 2.27 ± 0.55 10-5 cm2 s-1) was estimated by 
using the Randles-Sevcik equation, which compares favourably with literature values [14]. 
In order to evaluate whether the lipophilicity of Fc-based molecules contributed to the electrochemical 
irreversibility in chloride-based electrolytes, we ran similar experiments with Lip Fc as reported in Fig. 2. In 
fact, Lip Fc behaved in a slightly different fashion to ethynyl Fc in presence of chloride, as seen in Figs. 3a 
and 3b, but remained essentially constant in PF6
- electrolyte.  A discernible reduction peak appeared at 0.53 
V (µA~0.5), which was not perceptible with ethynyl Fc.  Interestingly, this suggests that the dodecyl side 
chain and the triazole ring may be giving rise to inductive effects on the cyclopentadienyl rings in Fc that 
provide partial protection of the Fe redox centre against the formation of irreversible reaction products.  
To further explore the role of Cl- on the irreversible electrochemistry of ethynyl Fc in the presence of Cl-, we 
also undertook CV studies in the presence of both ETH500 and Bu4N
+Cl- in acetonitrile at different relative 
concentrations of the lipophilic electrolytes.  In this context, Fig. 4a presents CV data for 0.1 mM ethynyl Fc 
in 25 mM ETH500 initially followed by spiking with different amounts of Bu4N
+Cl- up to 50 mM.  This 
experiment demonstrated that the reversible electrochemistry of ethynyl Fc in ETH500 was gradually 
transformed into a totally irreversible reduction process as the Bu4N
+Cl- concentration was increased.  By 
contrast, when the reverse scenario was tested using an initial concentration of 25 mM of Bu4N
+Cl- (see Fig. 
4b) and spiking ETH500 up to a level of 25 mM, the irreversible electrochemical behavior of ethynyl Fc was 
sustained.  Consequently, the Cl- effect is a dominant electrochemical process even in the presence of TCPB- 
at an equimolar concentration.  
3.2 CV Studies of Thin Film Membranes  
 
Figures 5a and 5b present successive CVs (n=25) in a 10 mM NaCl electrolyte using 230±20 nm thick 
membranes embodying DOS plasticized PVC and ETH500 (see Table 1 for membrane composition details) 
along with the ethynyl Fc or Lip Fc redox dopants (~710 mmol kg-1 of Fc in the  membrane).  The CV data 
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revealed that ethynyl Fc (M1) and Lip Fc (M2) redox molecules yielded similar but different behavior with 
respect to the reduction process.  On one hand, ethynyl Fc was exhaustively depleted after four scans with the 
reduction peak almost indistinguishable from the capacitive behavior of the membrane.  By contrast, the Lip 
Fc doped membrane required more than ten scans to fully deplete the Lip Fc redox species from the 
membrane, and a reduction peak was clearly evident at 0.66 V.  This latter result concurs with the CV data in 
organic electrolyte (see Fig. 3b) where it was shown that freely dissolved Lip Fc in chloride-based salts 
displayed an observable reduction peak due presumably to inductive effects on the cyclopentadienyl side 
chain and triazole rings in Fc that provide partial protection of the Fe redox centre against the formation of 
irreversible reaction products. (see below). 
Calculated charges of oxidized ethynyl Fc and Lip Fc in membranes with very high loadings of redox dopants 
[viz., membrane compositions M1 and M2] (0.25 and 0.62 µC respectively) correspond to 10% and 25% of 
the bulk content of the compounds (2.3 and 2.4 µC respectively) noting the higher oxidation efficiency with 
Lip Fc. 
From these two experiments (Figs. 5a and 5b), it is evident that there is a coupling of two effects influencing 
the electrochemistry of ferrocene-based molecules.  The first effect corresponds to a limiting amount of Fc in 
thin membranes that prevents the turnover of the reduced into the oxidized form during the anodic scan once 
the membrane is spent of redox dopant, with the second process involving a permeation or co-extraction of 
Cl- leading to nucleophilic conversion of Fc+ into non-labile and non-reducible FeCl4
- species at the 
GC/membrane buried interface that may not be reduced during the cathodic scan.  Further experiments 
involving variations in the concentration of ethynyl Fc in the membrane and the nature of the hydrophilic 
anions allowed an in-depth exploration of this phenomenon, as detailed below. 
By using a three-fold boost in the concentration of ethynyl Fc in the thin layer membrane (M4), the depletion 
was delayed until the tenth scan (data not presented here, but available in the supplementary materials at Fig. 
S6).  It is important to note that this higher level of ethynyl Fc also yielded a 10% efficiency in the 
electrochemical conversion of ethynyl Fc in the bulk (0.89 over 8.9 µC), with an increase in the number of 
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cycles until observing a loss in the ethynyl Fc reduction chemistry, which coincides expectedly with a higher 
bulk membrane content. 
An increase in the thickness of the membranes caused a similar effect in the observed electrochemistry as 
illustrated in Fig. 6a. This figure shows the first scan obtained for membrane M1 increasing the thickness 
from 200 nm to 500 nm and maintaining the concentration of ethynyl Fc in the used cocktail.  Expectedly, it 
can be noted that electrochemistry was not evident with a membrane containing ethynyl Fc in the absence of 
the ETH500 lipophilic salt (M3, data not presented here, but available in the supplementary materials at Fig. 
S7). 
In a further experiment, two identical fresh and thin membranes containing ethynyl Fc (M1) were 
electrochemically studied in two different background electrolytes (10 mM NaCl and 10 mM NaClO4) with 
a view to elucidation of the the role of these anions in the oxidation of Fc molecules.  The very first CVs are 
shown in Fig. 6b (overlay plots for Cl- and ClO4
–).  In the case of Cl-, the electrochemistry of ethynyl Fc was 
irreversible and deteriorated after repetitive CV cycling, while with ClO4
–, ethynyl Fc showed a reversible 
electrochemistry with the CV data displaying a constancy upon continuous cycling. These results suggest 
either that there is no water layer at the GC|membrane interface or the possible side reaction involving 
dissolved oxygen in the membrane water layer did not contribute significantly and was not observable as a 
part of this electrochemical reaction process. 
In addition, thin layer behavior was confirmed by observing a linear relationship as a function of scan rate  
(from 0.05 to 0.20 V s-1) in the presence of the ClO4
- anion since the irreversibility of the process imposed by 
a NaCl electrolyte (data not shown) is confounding in the context of the electrochemical reaction process. 
Indeed, this behavior was expected since, if the electrochemistry had been diffusion controlled, we would 
have observed a slower depletion (not observed) of Lip Fc at the GC|membrane interface compared with 
ethynyl Fc that has a higher diffusion coefficient according to its molecular size. 
In summary, the electrochemical data recorded in various lipophilic electrolytes/membranes suggest that 
electrochemical oxidation of Fc to Fc+ in the presence of Cl- gives rise to nucleophilic attack and conversion 
12 
 
 
of Fe redox centres into FeCl4
-, which is responsible the electrochemical irreversibility of Fc at the GC 
electrode surface under oxidative conditions, and this species is responsible for the irreversible 
electrochemistry of both ethynyl Fc and Lip Fc in chloride-based electrolytes. 
3.3 SR-XPS, XPS and NEXAFS Surface Studies of Thin Layer Membranes and GC Electrodes 
SR-XPS and NEXAFS in conjunction with argon ion etching to depth profile the membranes was used to 
probe the chemical states of redox species as a function of depth in the doped membranes after repetitive CV 
cycling (see Fig. 1e).  With a control sample not subjected to electrochemistry, the Fe 2p3/2 NEXAFS 
absorption edge spectra with the 200 nm thick ethynyl Fc doped PVC membrane (M4, see Fig. 7a) revealed 
that the level of doping in the membrane was distributed uniformly and was barely detectable at all sputtering 
times/depths in the membrane. 
By contrast to a control ethynyl Fc doped PVC membrane, the absorption edge structure of the Fe 2p3/2 level 
of a 200 nm thick control Lip Fc doped PVC membrane (M1, see Fig. 7b) at 0 minutes of Ar ion etching - 
corresponding to the outermost surface of the membrane - showed characteristic doublet peaks at 708.9 and 
711.5 eV (intensity ratio of about 5:1) consistent with the Fe(II) oxidation state in reduced Fc functionalities.  
At 3 minutes of Ar ion etching (or a depth of 36 nm), there is strong evidence for the Fe(III) species, as 
characterized by a convolution of the Fe 2p3/2 NEXAFS peaks at about 708 and 709 eV (ratio of about 1:3 for 
first to second peak), together with the original Fe(II) species [15-17].  With further sputtering to 8 and 15 
minutes (Fig. 7b), or depths of 96 and 180 nm, the Fe 2p3/2 NEXAFS absorption edge comprises almost 
entirely the Fe(III) species with little of the original Fe(II) species remaining in the Ar ion etched membrane. 
These Ar ion etching depth profiles of control membranes demonstrate that there was ion beam induced 
damage of the Fe oxidation states.  Accordingly, Fe 2p3/2 NEXAFS absorption edge spectroscopy of Ar ion 
etched membranes was unable to elucidate the exact Fe redox states of the Fc-based dopants, but it may yield 
qualitative/semi-quantitative information on the depth distribution of the Fc-based redox molecules in the 
electrochemically oxidized membranes. 
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The Fe 2p3/2 NEXAFS absorption edge spectra as a function of depth for ethynyl Fc and Lip Fc doped 200 
nm thick PVC membranes (M1 and M2, see Table 1) after repetitive CV cycling (n=10 and 25 respectively) 
in 10 mM NaCl are presented in Figs. 8a and 8b respectively, and the results demonstrate that electrochemical 
oxidation of Fc-based redox sites in these thin membranes, as was the case with thick membranes (~200 
micron [6]), leads to an accumulation of Fc-based dopant from the membrane surface (i.e., 0 minutes of 
sputtering, or the outermost surface) to the membrane/GC buried interface (i.e., 15 and 18 minutes of 
sputtering, or depths of 180 and 216 nm with ethynyl Fc and Lip Fc dopants, respectively). 
The aforementioned repetitive CV and NEXAFS experiments were undertaken in 10 mM NaCl, so as to 
ascertain if the Cl- species is associated with the ferrocene oxidation products.  Figures 9a and 9b display the 
Cl 2p SR-XPS core level spectra as a function of depth for the ethynyl Fc and Lip Fc doped 200 nm thick 
PVC membranes (M1 and M2 respectively) subjected to repetitive CV cycling (n=10 and 25 respectively) in 
10 mM NaCl.  In both cases, the Cl 2p spectral intensity at 0 minutes of Ar ion etching, or the surface of the 
membrane, was high comprising the 2p3/2 and 2p1/2 spin-orbit split components at 200.0 and 201.8 eV that 
were consistent with Cl in PVC [18].  However, after sputtering from 3 to 10 minutes, or at depths of 36 to 
120 nm, there was a dramatic reduction in the intensity of the Cl 2p core level peak.  A similar diminution in 
Cl 2p peak intensity was observed with a control PVC membrane (see Fig. 7c).  Leggett and Vickerman [19] 
have demonstrated that there is a dramatic reduction in the Cl content of sputtered PVC materials due to the 
selective sputtering of HCl from the membrane, so this variation in Cl 2p intensities was symptomatic of Ar 
ion beam induced damage of the PVC component of the membrane.  Nevertheless, with both the oxidized 
ethynyl Fc and Lip Fc doped 200 nm thick PVC membranes at 15 and 18 minutes of Ar ion etching (or depths 
of 180 and 216 nm, see Figs. 9a and 9b), there is an approximate doubling in the intensity of the Cl 2p peak 
above the background level of Cl 2p evident after the imposition of Ar ion beam induced damage (i.e., beneath 
the surface layer before depths of 180 and 210 nm).  This may be due to the presence of the Cl- species 
associated with the likely FeCl4
- product formed through nucleophilic attack of Fc+ in the presence of Cl-.  
Further credence for the presence of a surplus of Cl- is evident from the control membrane at 14 minutes (168 
nm in depth) of Ar ion sputtering (see Fig. 7c) where the intensity of the Cl 2p core level at the GC/membrane 
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interface of the control membrane was similar to the baseline in Cl 2p intensity in PVC from beneath the 
membrane surface to the zone prior to the GC/membrane electrode buried interface (i.e., depths of 36 to 120 
nm) of the electrochemically oxidized membrane. 
In previous in situ neutron scattering studies of thin films of plasticized PVC and unplasticized PMMA-
PDMA membranes by De Marco and co-workers [20,21], it was shown that the polydispersed water 
nanodroplets of membranes, as demonstrated by Ye et al. [18], Messadi and Vergnaud [22] along with 
Harrison and co-workers [23-27] allowed the simultaneous mass transfer of electrolyte (NaCl here) with 
absorbed membrane water nanodroplets to the buried interfaces of coated-wire electrodes.  Accordingly, this 
is the most probable source of the Cl- anion in the FeCl4
- irreversible reaction product formed at the 
GC/membrane buried interface (see Fig. 10a) accompanied with either an inward chloride or outward sodium 
transfer at the membrane/sample interface.  Nevertheless, it is also possible that the generation of Fc+ at the 
buried interface induces a migration of the lipophilic anion (R- or TCPB- from ETH500) in the membrane 
toward the GC electrode inducing a co-extraction of Cl- in order to fulfill the electroneutrality of the 
membrane (Fig. 10b, top).  Once the Cl- is inside the membrane phase by one of these plausible mechanisms, 
the ferricenium cation is decomposed by nucleophilic attack into FeCl4
-, with the electrochemistry deactivated 
when it acquires a fully irreversible condition associated with the depletion of Fc in the membrane (Fig. 10b, 
bottom). 
The aforementioned results on Fc-based redox molecule doped PVC membranes are compelling, but 
equivocal due to the effects of Ar ion beam induced damage of PVC as well as the confluence of background 
Cl from PVC in the membrane.  Accordingly, we undertook a parallel study of ethynyl Fc oxidation in 
PMMA-PDMA (membrane M5), so as to exclude the background interference of Cl in the membrane.  In this 
context, Figs. 8c and 9c present the Fe 2p3/2 NEXAFS edge and Cl 2p SR-XPS core level spectra for an 
ethynyl Fc doped 200 nm thick PMMA-PDMA membrane that had been subjected to repetitive CV cycles 
(n=15).  Similar to the behavior with nanoscale and microscale plasticized PVC membranes, there has been a 
mass transfer and accumulation of ethynyl Fc at the GC|membrane buried interface; however, in this case, the 
Cl 2p core level spectra showed little or no Cl- at the membrane surface, with an increasing concentration 
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profile at various depths into the membrane, especially at a depths of 156 and 240 nm, which constitutes the 
GC|membrane buried interface. 
An unoxidized or control PMMA-PDMA membrane (M5, data not presented here, but available in the 
supplementary materials at Fig. S8) revealed a very low level of Fc, as evidenced by weak Fe 2p3/2 NEXAFS 
edge spectra at the surface and deeper into the membrane, with the corresponding Cl 2p SR-XPS spectra 
showing expectedly an absence of Cl- in this chloride-free PMMA-PDMA membrane.  Accordingly, the 
PMMA-PDMA depth profiling results demonstrate that the likely reaction product for the oxidation of Fc-
based redox molecules is via the nucleophilic conversion of Fc+ into FeCl4
- that is non-labile and non-
reducible. 
To prove that there is an FeCl4
- complex formed on a GC electrode surface exposed to a high level of Cl- 
without the uncertainties of Ar ion beam induced damage of membranes during depth profiling, we undertook 
laboratory XPS analysis of a GC coupon subjected to 7000 repetitive CV cycles in ACN containing 0.1 mM 
ethynyl Fc, 0.05 M Bu4NCl, noting that the coupon was subsequently rinsed in fresh ACN prior to analysis.  
Figures 11a and 11b show the smoothed Fe 2p and Cl 2p XPS spectra after repetitive and long-term scans (4 
hours each) on the aforesaid GC coupon subjected to 7000 repetitive CV cycles revealing the detection of Fe 
and Cl- in the likely  reaction product of FeCl4
- complex.  This was strongly supported by the expected atomic 
ratio of Cl-to-Fe of 1.2, noting that the small shoulders at about 198.5 and 200.0 eV were attributable to Cl in 
alkali chloride (Na 1s - not shown - was detected by XPS–about 25% of NaCl [28]), which is presumably an 
impurity of the organic electrolyte, while the Cl 2p doublet that is shifted by about 1.5 eV is indicative of Cl- 
in Fe(III)-Cl [28]. 
The irreversible electrochemical oxidation of Fc and its derivatives is well-known, but this effect is highly 
dependent on the experimental conditions such as electrode dimensions, the nature of the support electrolyte, 
the concentration of Fc functionalities together with the degree of ferrocene modification [29-36].  In a 
previous study [6], ethynyl Fc, Lip Fc and Fc-PVC in membranes that were plasticized by the ionic liquid, 1-
butyl-1-methylpyrrolidium tris-(pentafluoroethyl)trifluorophosphate (C4MPYR+FAP-), all in 200 nm thick 
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PVC membranes, displayed a consistency or reversibility in the electrochemical reactivity of the Fc redox 
molecules in 10 mM NaCl aqueous electrolytes after repetitive CV cycling.  As the organic electrolytes of 
Bu4N
+PF6
-, Bu4N
+ClO4
- and ETH500 yielded reproducible and reversible electrochemistry for the Fc/Fc+ 
redox couple in the ACN solvent, it is evident that the C4MPYR+FAP- IL plasticizer in PVC membranes 
exerts a similar influence on the reaction product formed from an aqueous electrolyte of 10 mM NaCl, which 
is due partially to severe suppression of the permeation of NaCl with water nanodroplets/ion exchange of Cl- 
from the aqueous electrolyte into these membranes containing very high concentrations of organic cations 
and anions in the IL plasticized membranes.  Actually, with IL plasticized membranes using ethynyl Fc and 
Lip Fc, the high molar ratio of IL against Cl- (analogous to the Bu4NCl vs. ETH500 competition experiments–
see Fig. 4a) reminds us of the anion competition process in an ACN solvent with these organic electrolytes.  
As shown earlier, with an excess of ETH500, the Fc oxidation is reversible, which is clearly mirrored by a 
scenario where there is a very large excess of IL in the membrane compared to Cl- arising from ion-exchange 
and/or the permeation of NaCl with water droplets. 
4. CONCLUSIONS 
The results of this study demonstrate that Cl- induces an irreversibility in the redox chemistry of Fc molecules 
at the surface of GC electrodes, either in organic electrolytes or from Fc-doped membranes, which is due 
presumably to nucleophilic attack and degradation of Fc+ into non-labile and non-reducible FeCl4
-.  With 
plasticized and unplasticized membranes in aqueous chloride-based electrolytes, the permeability of chloride 
is associated with the mass transfer of water nanodroplets and aqueous electrolyte that occurs with 
membranes.  The irreversible conversion of Fc+ to FeCl4
- with thin membranes (~200 nm) leads to a loss of 
signal, as opposed to thicker membranes (~100 m) where the membrane acts as an extensive reservoir of Fc 
over the time scale of the experiment, so thicker (>100 m) membranes may be utilized to circumvent this 
irreversible electrochemistry.  However, membranes that are much thinner than the diffusion length of Fc 
molecules are highly desirable in electrochemical applications due to the rapid surface controlled kinetics/fast 
response attributes of this thin film electrochemistry.  Here, it may be possible to utilize alternative plasticizers 
in thin membrane systems that do not permit the permeability of aqueous electrolytes embodying the 
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undesirable Cl- species and/or provide a high concentration of innocuous anion to outcompete Cl- in forming 
an irreversible ion association complex, with hydrophobic ILs appearing to be ideal candidates, although the 
class of fluorous membranes proposed by Buhlmann and co-workers [37-39] that suppress water non-droplet 
formation may be equally relevant. 
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Figures Captions 
Figure 1: Chemical structures of Fc-based molecules: (a) ethynylferrocene (ethynyl Fc); (b) 1-dodecyl-1H-
1,2,3-triazol-4-yl)ferrocene (Lip Fc).  Schematic illustration of experimental conditions and techniques: (c) 
CV (three-electrodes system, PS: power supply, V: potential readout, i: current readout) on GC rod (or coupon 
geometry) in an acetonitrile solvent (ACN) containing either ethynyl Fc or Lip Fc and a variety of lipophilic 
electrolytes with different anions nature (Bu4N
+X-); (d) CV on GC rod (or coupon geometry) coated with a 
thin layer membrane containing either ethynyl Fc or Lip Fc and lipophilic electrolyte (R+R-, ETH500) in 
contact with an aqueous solution containing background electrolyte (Na+X-); (e) SR-XPS and NEXAFS 
characterization of thin layer membrane-coated GC coupon at ultra-high vacuum conditions with depth 
profiles obtained by alternating Ar sputtering and SR-XPS/NEXAFS measurements. 
Figure 2: Successive CVs (n=25) for 0.1 mM ethynyl Fc in ACN by using: (a) 0.05 M Bu4NPF6; (b) 0.05 M 
Bu4NClO4; (c) 0.005 M ETH500 (tetrakis(4-chlorophenyl)borate tetradodecylammonium salt); and (d) 0.05 
M Bu4NCl.  The scan rate was 0.1 V s
-1 with arrows indicating the direction of the scan, noting that the first 
cycle was omitted due to a different pattern compared with the rest of scans. 
Figure 3: Successive CVs (n=50) for 0.1 mM Lip Fc in ACN at (a) 0.05 M Bu4NPF6 and (b) 0.05 M Bu4NCl 
at a scan rate of 0.1 V s-1. 
Figure 4: Competitive effect of chloride over tetrakis(4-chlorophenyl)borate (anion from ETH500) in the 
electrochemical oxidation of ethynyl Fc in ACN: (a) successive additions of Bu4NCl (0.25, 2.5, 5, 25 and 50 
mM) to 0.1 mM ethynyl Fc in 25 mM ETH500, with the double arrow indicating a deterioration in the 
reversibility of the redox chemistry; (b) successive additions of ETH500 (2.5 and 25 mM) to 0.1 mM ethynyl 
Fc in 25 mM Bu4NCl. 
Figure 5: Successive CVs (n=25) for 200 nm thick plasticized PVC membranes in 10 mM NaCl: (a) 
membrane M1 containing ethynyl Fc and (b) membrane M2 containing Lip Fc.  The scan rate was 0.1 V s-1, 
and the first scan is presented as a red line. 
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Figure 6: (a) Effect of membrane thickness (I=200; II=350; and III=500 nm in thickness respectively) on the 
electrochemical oxidation of ethynyl Fc in 10 mM NaCl (first cycle); (b) background electrolyte effect (red 
line: 10 mM NaClO4; black line: 10 mM NaCl) on the electrochemical oxidation of ethynyl Fc (first cycle).  
The scan rate was 0.1 Vs-1, while the membrane composition is indicated in Table 1 and corresponds to M1. 
Figure 7: Fe 2p3/2 NEXAFS edge and Cl 2p SR-XPS as a function of depth profiling for 200 nm thick control 
PVC membranes: (a) M1 (ethenyl Fc in PVC); (b) M2 (Lip Fc in PVC); (c) PVC membrane with 10 wt.% 
ETH500, 30 wt.% PVC and 60 wt.% DOS.  Note that sputtering times of 0, 2, 3, 6, 8, 10, 12, 14 and 15 mins 
correspond to depths of 0, 24, 36, 72, 96, 120, 144, 168 and 180 nm, respectively. 
Figure 8: Fe 2p3/2 NEXAFS spectra for depth profiled (at different sputtering times) 200 nm thick plasticized 
PVC and unplasticized PMMA-PDMA membranes that had been polarized in 10 mM NaCl: (a) M1 (ethynyl 
Fc in PVC); (b) M2 (Lip Fc in PVC); (c) M5 (ethynyl Fc in PMMA-PDMA).  Note that 0, 3, 5, 7, 10, 13, 15, 
18 and 20 minutes of sputtering correspond to depths of 0, 36, 60, 84, 120, 156, 180, 216 and 240 nm, 
respectively. 
Figure 9: SR-XPS Cl 2p spectra for depth profiled (at different sputtering times) 200 nm thick plasticized 
PVC and unplasticized PMMA-PDMA membranes that had been polarized in 10 mM NaCl: (a) M1 (ethynyl 
Fc in PVC); (b) M2 (Lip Fc in PVC); (c) M5 (ethynyl Fc in PMMA-PDMA).  Note that 0, 3, 5, 7, 10, 13, 15, 
18 and 20 minutes of sputtering correspond to depths of 0, 36, 60, 84, 120, 156, 180, 216 and 240 nm, 
respectively. 
Figure 10: Schematic diagram illustrating the accumulation of Fc+R- or FeCln
3-n at the buried interface 
(GC/membrane) considering: (a) NaCl permeation in water nanodroplets; (b) top: induced migration of R- 
from R+R- or ETH500 inside the membrane to compensate the positive charge by ion pairing mediating an 
extraction of chloride anion from the sample into the thin membrane layer (initial scans); bottom: the 
electrochemistry is completely lost once the extracted chloride forms an ion association complex with the 
oxidized ferrocene (after some scans) with ETH 500, ethynyl Fc or Lip Fc represented by R+R- and Fc to 
generalize the presentation scheme. 
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Figure 11: Laboratory XPS spectra of the (a) Fe 2p and (b) Cl 2p core levels for a GC coupon subjected to 
7000 repetitive CV cycles in an organic electrolyte containing 0.1 mM ethynyl Fc, 0.05 M Bu4NCl and an 
ACN solvent that was subsequently rinsed in fresh ACN prior to XPS analysis. 
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Table 1. Detailed composition of each membrane (wt.%). 
Membrane Components 
 ethynyl Fc Lip Fc PVC DOS ETH500 DMA/MMA IL Solvent 
M1 15 (3.8, 713) --- 25(6.3) 50(12.5) 10(2.5,87) --- --
- 
THF 
M2 --- 30(7.5,707) 20(5) 40(10) 10(2.5,87) --- --
- 
THF 
M3 16.7 (3.8, 790) --- 27.8(6.3) 55.5(12.5) --- --- --
- 
THF 
M4 39.3(13.8,1042) --- 17.9(6.3) 35.7(12.5) 7.1(2.5,98) --- --
- 
THF 
M5 39.9(16.3,1898) --- --- --- 12.3(5,107) 47.8(19.5) --
- 
DCM 
Amount (in mg) of each component referred to 1 mL of solvent is indicated in brackets together with the 
mmol kg-1 levels written in italic.  
 
